Abstract 4-Methylimidazole (4MI) is used in the manufacture of pharmaceuticals, photographic chemicals, dyes and pigments, cleaning and agricultural chemicals, and rubber. It has been identiWed as a by-product of fermentation in foods and has been detected in mainstream and side stream tobacco smoke. 4MI was studied because of its high potential for human exposure. Groups of 50 male and 50 female F344/N rats were fed diets containing 0-, 625-, 1,250-, or 2,500 ppm 4MI (males) or 0-, 1,250-, 2,500-, or 5,000 ppm 4MI (females) for 106 weeks. Based on the food consumption the calculated average daily doses were approximately 30, 55, or 115 mg 4MI/kg body weight to males and 60, 120, or 250 mg 4MI/kg to females. Survival of all exposed groups of males and females was similar to that of the control groups. The mean body weights of males in the 1,250-and 2,500 ppm groups and females in the 2,500-and 5,000 ppm groups were less than those of the control groups throughout the study. Feed consumption by 5,000 ppm females was less than that by the controls. Clonic seizures, excitability, hyperactivity, and impaired gait were observed primarily in 2,500-and 5,000 ppm females. The incidence of mononuclear cell leukemia in the 5,000 ppm females was signiWcantly greater than that in the controls. The incidences of hepatic histiocytosis, chronic inXammation, and focal fatty change were signiWcantly increased in all exposed groups of male and female rats. The incidences of hepatocellular eosinophilic and mixed cell foci were signiWcantly increased in 2,500 ppm males and 5,000 ppm females. Groups of 50 male and 50 female B6C3F1 mice were fed diets containing 0-, 312-, 625-, or 1,250 ppm 4MI for 106 weeks. Based on the food consumption the calculated average daily doses were approximately 40, 80, or 170 mg 4MI/kg body weight to males and females. Survival of all exposed groups of males and females was similar to that of the control groups. Mean body weights of males and females in the 1,250 ppm groups and that in the 312-and 625 ppm females were less than those of the control groups. Feed consumption by exposed groups of male and female mice was similar to that by the controls. The incidences of alveolar/bronchiolar adenoma in all exposed groups of females, alveolar/bronchiolar carcinoma in 1,250 ppm males, and alveolar/bronchiolar adenoma or carcinoma (combined) in 1,250 ppm males and 625-and 1,250 ppm females were signiWcantly greater than those in the control groups. The incidence of alveolar epithelial hyperplasia was signiWcantly increased in the 1,250 ppm females. 4MI is carcinogenic inducing alveolar/ bronchiolar adenoma and carcinoma in male and female mice. 4MI may also induce mononuclear cell leukemia in female rats.
Introduction 4-Methylimidazole (4MI) is formed by interaction of ammonia with reducing sugars, and has been identiWed in ammoniated hay forage for livestock animals (Morgan and Edwards 1986a; Perdok and Leng 1987; Ray et al. 1984) . Ammoniation of carbohydrate-containing material including hay to increase non-protein nitrogen content in feeds is a common practice in farms. The compound has also been identiWed in milk from cows fed ammoniated forage (Morgan and Edwards 1986b; Perdok and Leng 1987) , in several food products including caramel coloring, soy sauce, Worcestershire sauce, wine, ammoniated molasses, and caramel-colored syrups (Huang et al. 1983; Mattyasovszky and Jeszenszky 1985; Wong and Bernhard 1988; Yoshikawa and Fujiwara 1981) , and in mainstream and sidestream cigarette smoke (Sakuma et al. 1984; Moree-Testa et al. 1984) .
4MI is produced commercially by cyclocondensation of aldehyde and ammonia with methylglyoxal. Production Wgures for the compound are not available. 4MI is used as a chemical intermediate, starting material, or component in the manufacture of pharmaceuticals, photographic, and agricultural, and photothermographic chemicals, dyes and pigments, agricultural chemicals, and rubber. It has been investigated for use as a starting material in the synthesis of cardiovascular stimulants, epoxy resin, anticholesteremics, neurotransmitter antagonists, disinfectants, antiprotozoal antiseptic agents, and as an aromatase-inhibiting antineoplastic agent. The chemical is also used as a component in imidazole-phenoxyalkanal oven cleaners, crosslinking agent for epoxy resin hardeners, corrosion inhibitor for cooling water in heat-exchange apparatus, component of absorbent to remove acid gases from hydrocarbon or synthesis gas, and starting material for inks and paper dyes (Chemical Dynamics Corp. 1989; Chemical Economics Handbook 1995) .
Animals exposed to 4MI exhibited convulsant activity including restlessness, bellowing, frothing at the mouth, and paralysis (Wiggins 1956 ). Convulsant activity has been observed in cattle fed ammoniated molasses (Morgan and Edwards 1986a; Nishie et al. 1969 ) and in calves nursing from cows fed ammoniated hay (Fairbrother et al. 1987; Perdok and Leng 1987; Weiss et al. 1986 ). Ewes fed ammoniated hay showed facial twitching and general body tremors initially, followed by opisthotonus and convulsion (Weiss et al. 1986 ). In goats and heifers 4MI administered intravenously induced coughing, salivation, urination, defecation, and convulsions or clonic seizure (Nielsen et al. 1993) . Neurologic eVects similar to those in cattle have been observed in mice administered 4MI (Nishie et al. 1969 (Nishie et al. , 1970 . No published human toxicity data of 4MI were found in the literature. No standards or guidelines have been set for exposures to 4MI in the US (Chappel and Howell 1992) .
The National Toxicology Program (NTP 2006) reported that 4MI was not mutagenic in the Salmonella typhimurium mutation assay when tested in strains TA97, TA98, TA100, and TA1535, with and without hamster or rat liver metabolic-activation enzymes. No increases in the frequencies of micronucleated erythrocytes were seen in the bone marrow of male rats or mice treated with 4MI by intraperitoneal injection, or in peripheral blood samples from male and female mice administered the compound in dosed feed for 14 weeks.
Toxicity and carcinogenesis studies of 4MI were conducted because of widespread human exposure and lack of toxicity data. Dosed feed was chosen as the route of exposure because ingestion is the most common route by which humans are exposed. Fifteen-day and 14-week toxicity studies of 4MI in F344/N rats and B6C3F1 mice have been reported (Chan et al. 2006; NTP 2004a) . The present paper reports the 2-year dosed-feed studies of 4MI in F344/N rats and B6C3F1 mice. ) was obtained from Sigma Chemical Company (St Louis, MO, USA). The chemical was identiWed as 4MI by infrared, ultraviolet/visible, and proton and carbon-13 nuclear magnetic resonance spectroscopy and melting point determination. The purity determined by elemental analyses, functional-group titration, gas chromatography, and high-performance liquid chromatography was greater than 99%. The stability of the bulk chemical as determined by gas chromatography was at least 14 days at 60°C. The bulk chemical was stored at 5°C in TeXon-sealed containers, protected from light and moisture. The dose formulations were prepared every 2 weeks by mixing 4MI with feed. Homogeneity was conWrmed using HPLC; and the dose formulations were stable for at least 36 days. Details of the analyses were reported (NTP 2006) .
Materials and methods

Chemical
Study design
Groups of 50 male F344/N rats were fed diets containing 0-, 625-, 1250-, or 2,500 ppm 4MI, and groups of 50 female rats were fed diets containing 0-, 1,250-, 2,500-or 5,000 ppm 4MI for 106 weeks. Groups of 50 male and 50 female B6C3F1 mice were fed diets containing 0-, 312-, 625-, or 1,250 ppm 4MI for 106 weeks. The animals (6-week-old) were purchased from the Taconic Farms, Inc., Germantown,
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NY. The top dose levels were selected for male and female rats and mice because at these dose levels the survival, body weight, hematology, clinical chemistry, and histopathology Wndings in the 14-week studies showed no diVerences from those of controls (NTP 2004a, b; Chan et al. 2006) . The animals were housed three male rats per cage, male mice individually, and female rats and mice Wve per cage. The animals were kept in a humidity (50 § 15%), temperature (72° § 3°), and light-(12-h cycle) controlled room.
The animals were observed twice daily. Body weights were recorded weekly for the Wrst 13 weeks, and every 4 weeks thereafter, and at the end of the studies. Complete necropsies were performed at 106 weeks, and tissues were Wxed in 10% neutral buVered formalin, stained with hematoxylin and eosin (H & E), and examined microscopically.
Statistical evaluation
The probability of survival was estimated by the productlimit procedure of Kaplan and Meier (1958) . Statistical analyses for possible dose-related eVects on survival used Cox's (1972) method for testing two groups for equality and Tarone's (1975) life table test to identify dose-related trends. The poly-k test (Bailer and Portier 1988; Piegorsch and Bailer 1997; Portier and Bailer 1989 ) was used to assess the prevalence of neoplasm and nonneoplastic lesions prevalence. Continuity-corrected Poly-3 tests were used in the analysis of lesion incidence, and reported P values are one sided. Average severity values were analyzed for signiWcance with the Mann-Whitney U test (Hollander and Wolfe 1973) .
Results
Rat
Survival of all exposed groups of male and female rats was similar to that of the control groups. Mean body weights of males in the 1,250-and 2,500 ppm groups and females in the 2,500-and 5,000 ppm groups were less than those of the control groups (95, 87, 81, 65%, respectively) , at the end of the study.
Feed consumption by exposed groups of males was generally similar to that by the controls. However, feed consumption by 5,000 ppm females was less than that by the controls. Based on the food consumption the calculated average daily doses were approximately 30, 55, or 115 mg 4MI/kg body weight to males and 60, 120, or 250 mg 4MI/ kg to females.
Clonic seizures, excitability, hyperactivity, and impaired gait were observed in 5,000 ppm females; some of these clinical Wndings were also observed in the lower exposed groups at greater frequencies than in the controls (Table 1) . However, there were no histopathology lesions observed in the brains of animals exposed to 4MI.
The incidence of mononuclear cell leukemia in 5,000 ppm females was signiWcantly greater than that in the controls, and the incidence slightly exceeded the historical range in feed study controls given NTP-2000 diet ( Table 2) .
The incidences of histiocytosis were signiWcantly greater in all exposed groups of male and female rats than in the control groups, and the severities increased with increasing exposure concentrations (Table 3) . This lesion was characterized by focal to multifocal clusters of enlarged histiocytes with prominent foamy cytoplasm often containing vacuoles and/or cleft-like spaces. The contents of the cleftlike spaces could not be determined. Occasional syncytial cells were present. In control animals the histiocytes occurred primarily as scattered individual cells and rarely as clusters. The cytoplasm of these cells was foamy, and cleft-like spaces were absent. Incidences of chronic inXammation of the liver in all exposed groups of rats were signiWcantly greater than those in the controls (Table 3) . Microscopically, there were small, focal accumulations of macrophages with granular cytoplasm surrounded by variable numbers of lymphoid cells within the hepatic parenchyma. There were signiWcant increases occurring in the incidences of hepatocytic focal fatty change in the 1,250-and 2,500 ppm males and all exposed groups of females, and the severities increased with increasing exposure concentration (Table 3 ). In the 2,500 ppm males and 5,000 ppm females, the incidence of esosinophilic and mixed cell foci (mixture of eosinophilic and clear cells in which no one cell type exceeds 80%) were signiWcantly increased. No treatment-related increase in clear cell foci were noted in the males treated groups. In females, there was a signiWcant increase in the incidence of clear cell focus in the 625 ppm group. In general, these foci consisted of enlarged hepatocytes with altered tinctorial characteristics of the cytoplasm that usually did not compress the surrounding parenchyma. Occasionally, larger foci were multilobular, contained biliary structures, and compressed the adjacent liver, but there was no loss of normal hepatic architecture. There were statistically signiWcant increased incidences of nonneoplastic lesions occurring in the thyroid gland, prostate gland, and pituitary gland (pars distalis) of exposed groups of male rats and in the lung, heart, pancreas, and thyroid gland of exposed groups of female rats (Table 4 ). In the prostate gland of 2,500 ppm males, the incidence of mild chronic inXammation was signiWcantly increased. Interstitial and intraluminal inWltrates of small numbers of mononuclear cells characterized these lesions. In the pituitary gland (pars distalis) the incidences of focal hypertrophy in 1,250-and 2,500 ppm males were signiWcantly greater than those in the controls. This cellular alteration was characterized by small foci of enlarged, lightly eosinophilic cells with round vesicular nuclei. In the thyroid gland of 2,500 ppm males, the incidence of follicle cyst was signiWcantly greater than that in the controls. A few dilated follicles lined by Xattened cuboidal epithelium and distended by normal colloid characterized this lesion. The incidence of follicle mineralization was signiWcantly increased in the thyroid gland of 5,000 ppm females. This lesion consisted of one to two small basophilic (mineralized) structures within the follicular lumen. In the lung, signiWcantly increased incidences of focal chronic inXammation occurred in all exposed groups of females.
Histologically, this lesion was of minimal severity and characterized by very small, focal, subpleural accumulations of macrophages and/or mixed inXammatory cells within alveoli. In the heart, the incidences of cardiomyopathy of generally minimal severity were signiWcantly increased in all exposed groups of females. This lesion was characterized by small focal accumulations of mononuclear cells and occasional degenerative myocardial Wbers. In all exposed groups of females, there were signiWcantly increased incidences of minimal pancreatic focal acinar atrophy occurred. Microscopically, there was a slight reduction appeared in the number of acini, which were small and lined by Xattened epithelial cells with a loss of acidophilic granules.
Statistically signiWcant decreases occurred in the incidences of neoplasm of the adrenal medulla and pituitary gland (pars distalis) in exposed groups of males and in the pituitary gland (pars distalis), clitoral gland, mammary gland, and uterus in exposed groups of females. These incidences in the exposed groups were either below the historical control ranges or at the lower end of the historical control ranges in feed study controls given NTP-2000 diet. In the pituitary gland (pars distalis), the incidences of adenoma in 2,500 ppm males (16/49 vs. 7/48) and 1,250-and 5,000 ppm females (29/48 vs. 19/50 and 9/50) were signiWcantly less than those in the controls. In the adrenal medulla, signiWcantly decreased incidences of benign, complex, or malignant pheochromocytoma (combined) occurred in 1,250-and 2,500 ppm males (10/50 vs. 3/50 and 3/50). In all exposed groups of females, the incidences of clitoral gland adenoma, mammary gland Wbroadenoma, and uterine stromal polyp were signiWcantly less than those in the control group.
Mouse
Survival of all exposed groups of male and female mice was similar to that of the control groups. Mean body weights of males and females in the 1,250 ppm groups and that of the 312-and 625 ppm groups females were less than those in the control groups. Feed consumption by exposed groups of males and females was similar to that by the controls. Based on the food consumption the calculated average daily doses were approximately 40, 80, or 170 mg 4MI/ kg body weight to males and females. No clinical Wndings in exposed groups of male or female mice were considered related to chemical exposure.
The incidences of alveolar/bronchiolar adenoma in all exposed groups of females, alveolar/bronchiolar carcinoma in 1,250 ppm males, and alveolar/bronchiolar adenoma or carcinoma (combined) in 1,250 ppm males and 625-and 1,250 ppm females were signiWcantly greater than those in the control groups (Table 5) . Adenomas were focal, generally well demarcated nodular lesions that usually compressed the surrounding parenchyma. Adenomas were composed of increased numbers of large cuboidal to polygonal epithelial cells that were arranged in abnormal patterns, most commonly as papillary structures that distorted the alveolar architecture. Carcinomas were generally larger (up to 1 cm in diameter) than adenomas and composed of cuboidal to columnar, and mildly to markedly pleomorphic epithelial cells. These neoplastic cells were often densely packed and formed multiple layers that showed a tendency toward solid growth. Most of the carcinomas were discrete masses that compressed the adjacent parenchyma, although some were locally invasive into the parenchyma and airways. The incidence of alveolar epithelium hyperplasia in 1,250 ppm females was signiWcantly greater than that in the controls. This lesion was considered a morphologic continuum to adenoma and was characterized by increased numbers of cuboidal epithelial cells that lined alveoli; however, the septa architecture was well maintained. The incidence of histiocytic cellular inWltration, a lesion often associated with lung neoplasms, was signiWcantly greater than that in the controls in 1,250 ppm females and slightly increased in 1,250 ppm males. The inWltration was characterized by small numbers of histiocytes scattered within alveolar luminae adjacent to many of the adenomas and carcinomas.
The incidence of thyroid follicular cyst in 1,250 ppm females was signiWcantly greater than that in the controls (0 ppm 20/50; 312 ppm 22/49; 625 ppm 29/50; 1,250 ppm 30/48). Histologically, the aVected follicles were variably dilated, and Wlled with pale staining colloid, and often lined by Xattened epithelial cells. This change ranged in severity from minimal to moderate. Minimal lesions aVected a single follicle, while moderate lesions aVected a cluster of adjacent follicles. In larger, more severe lesions, the walls of the follicles appeared to have ruptured and formed highly irregular cystic structures. These changes were usually focal but could be multifocal and occasionally bilateral in more severe cases. SigniWcant positive trend occurred in the incidences of mammary gland hyperplasia in females (16/50, 10/50, 14/ 49, 24/49; P = 0.013); however, none of the dosed groups diVered signiWcantly from the control group. Microscopically, hyperplasia was usually a minimal change that was characterized by an increase in the number of mammary gland ducts with a slight increase in the degree of duct cellularity. Small cuboidal epithelial cells lined unaVected mammary ducts, while aVected ducts were lined by increased numbers of larger cuboidal cells.
Discussion
The highest exposure concentrations selected for the 2-year studies were 2,500 ppm for male rats, 5,000 ppm for female rats, and 1,250 ppm for male and female mice. These same exposure concentrations and species combinations in the 14-week toxicity studies exerted minimal eVects on survival, hematology, clinical chemistry, organ weights, and histopathology; the Wnal body weights of these animals relative to controls were 95% (male rats); 94% (female rats); 93% (male mice); and 88% (female mice) (Chan et al. 2006; NTP 2004a, b) . These exposure concentrations, however, markedly reduced body-weight gains in rats and mice during the course of the 2-year studies; the eVects on body weight were seen as early as week 14 in the rat study. Feed consumption was lower only in 5,000 ppm female rats. The neurobehavioral eVects observed in 5,000 ppm female rats probably inXuenced their food intake. The body weight eVects observed in rats and mice were likely attributable to the toxicity of 4MI at the highest exposure concentrations. MacKenzie et al. (1992) reported that male and female F344/N rats given caramel color IV (which contained 110 mg 4MI per kilogram body weight) in drinking water at 10 g/kg for 2 years had signiWcantly lower body weights, but no accompanying histopathology. Tierney (1979) reported that B6C3F1 mice given caramel color IV at up to 63 g/kg body weight per day in drinking water for 4 weeks also had signiWcantly reduced body weight gains. In these studies, the body weight eVects were attributed to reduced Xuid intake. The reduced body weight gain observed in the present 2-year studies may be partly due to reduced water intake; however, Xuid intake was not measured in the current studies.
During the 2-year study period, female rats in the 2,500-and 5,000 ppm groups showed numerous clinical Wndings associated with 4MI administration, whereas male rats did not. These treatment-related clinical Wndings included clonic seizures, unusual stance or gait, and excessive activity manifested as either hyperactivity or excitability. No microscopic lesions were observed in nervous tissues that Table 5 Incidences of neoplasms and nonneoplastic lesions of the lung in mice in the 2-year feed study of 4-methylimidazole * SigniWcantly diVerent (P < 0.05) from the control group by the Poly-3 test ** P < 0.01 a Number of animals with lesion per number of animals with lung examined microscopically b Average severity grade of lesions in aVected animals: 1 = minimal, 2 = mild, 3 = moderate, 4 = marked c Historical incidence for 2-year feed study controls given NTP-2000 diet (mean § standard deviation) 75/510 (15.8 § 6.3%); range 9-28% d Historical incidence 40/510 (7.8 § 3.8%); range 4-14% e Historical incidence 108/510 (22.2 § 6.3%); range 14-32% f Historical incidence 19/509 (3.7 § 3.8%); range 0-10% g Historical incidence 16/509 (2.9 § 2.5%); range 0-6% h Historical incidence 35/509 (6.6 § 4.2%); range 0-12% correlated with the observed behavioral eVects. The reason why female F344/N rats are more sensitive to the neurobehavioral eVects of 4MI than male F344/N rats is unclear. The neurobehavioral eVects displayed by female rats are consistent with those observed in farm animals fed ammoniated hay (Wiggins 1956; Nishie et al. 1970; Morgan and Edwards 1986a, b; Nielsen et al. 1993; Weiss et al. 1986; Perdok and Leng 1987) . In male albino mice, a single dose of 4MI induced tremors, restlessness, running, sialorrhea, opisthotonus, Straub tail, and tonic extensor seizure (Nishie et al. 1969) . The median convulsant dose (CD50) of 4MI estimated for male albino mice by the authors was 155 mg/ kg intraperitoneally and 360 mg/kg orally. In the current 2-year dosed feed study, the 1,250 ppm groups of male and female B6C3F1 mice received 4MI equivalent to 170 mg/ kg body weight per day and exhibited no convulsions. In the 14-week toxicity studies of 4MI in feed (Chan et al. 2006) , the highest exposure concentration groups of male and female mice (10,000 ppm) received estimated doses of 1,840 and 3,180 mg/kg per day, respectively, and exhibited no convulsions. It is probable that the dosed feed route of administration delivered much less 4MI at any time point compared to the bolus gavage eVect shown in a previous study of Nishie et al. (1969) . Mononuclear cell leukemia in F344/N rats constitutes a common background lesion, and the control rate in the current study was similar to that in historical controls; the increased incidence of leukemia in 5,000 ppm female rats slightly exceeded the historical range in feed study controls and, therefore, may be attributed to the eVects of 4MI.
The liver was a target organ for 4MI toxicity in rats. Increases in the incidences and severities of several nonneoplastic hepatic lesions occurred in both sexes; these included histiocytosis, chronic inXammation, hepatocytic focal fatty change, and eosinophilic and mixed cell foci of hepatocytes. Cytoplasmic vacuolization of hepatocytes was also observed in male and female rats in the 14-week toxicity study (Chan et al. 2006; NTP 2004a) . These lesions may be related to altered lipid metabolism and hepatic injury. The hepatic eVects were consistent with increases in activities of serum alanine aminotransferase, sorbitol dehydrogenase, and alkaline phosphatase activities, as well as concentrations of bile acid reported in the 14-week toxicity study (Chan et al. 2006; NTP 2004a) .
Incidences of thyroid gland follicle cyst in 2,500 ppm male rats and thyroid gland follicle mineralization in 5,000 ppm female rats were increased. In addition, the increased incidence of thyroid gland follicular cyst in 1,250-ppm female mice was statistically signiWcant. These cysts are commonly found in aging mice, but the increased incidences may be related to 4MI exposure.
In the 14-week toxicity studies (Chan et al. 2006; NTP 2004a) , the 4MI treated male and female rats and mice exhibited no speciWc changes in serum triiodothyronine (T3), total thyroxine (T4), or thyroid stimulating hormone (TSH) levels that could be attributed to 4MI exposure. There were also no changes observed in thyroid gland histopathology at terminal sacriWce in the 14-week toxicity studies compared with controls. In the 2-year dosed feed studies of 2-methylimidazole (2MI) in rats and mice, increased incidences of thyroid gland follicular cell neoplasm was observed (NTP 2004b) . The thyroid gland carcinogenesis induced by 2MI was probably due to increased UDP-glucuronyl transferase metabolism of T4, which in turn stimulated TSH synthesis and release, leading to neoplastic development in the thyroid gland. Sanders et al. (1998) reported that 2MI enhanced whereas 4MI inhibited hepatic UDP-glucuronyl transferase activity. The inhibitory eVects of 4MI on UDP-glucuronyl transferase probably did not aVect serum T4 and TSH levels, and as a result exerted no stimulatory eVect on TSH synthesis and the thyroid gland. Thus, no neoplastic changes were observed in the thyroid gland.
The incidence of prostate gland inXammation in 2,500 ppm male rats was signiWcantly increased. Increased incidences of chronic focal lung inXammation, heart cardiomyopathy, and focal pancreatic acinus atrophy were also observed in all exposed groups of female rats. The cause of these increases was not clear.
Dose-related decreases in the incidences of benign, complex, or malignant adrenal medulla pheochromocytoma (combined) in male rats, pituitary gland adenoma in the pars distalis in both male and female rats, and clitoral gland adenoma, mammary gland Wbroadenoma, and uterine stromal polyp in female rats were probably related to loss of body weight resulting from exposure concentration-related body weight loss. However, using the equations in Haseman et al. (1997) to predict the number of neoplasms that can be explained by body weight (Haseman et al. 1997 ), there appears a greater decrease in pituitary gland neoplasms in 5,000 ppm female rats than can be attributed to body weight diVerences alone. Likewise, there is a greater decrease in mammary gland neoplasms in all exposed groups of female rats than can be attributed to body weight diVerences alone. The eVect of 4MI in reducing the incidences of these lesions could not be identiWed.
The incidences of alveolar/bronchiolar adenoma or carcinoma (combined) were signiWcantly increased in 1,250 ppm male and 625-and 1,250 ppm female mice; these increases were exposure concentration-related. The incidence of lung alveolar epithelial hyperplasia was signiWcantly increased in 1,250 ppm female mice compared with controls. Hyperplasia of the alveolar epithelium is thought to be a precursor to neoplastic development. Interestingly, 4MI had no eVect on the respiratory epithelium in the 14-week toxicity study at concentrations as high as 10,000 ppm (NTP 2004a) . Clara cells in the terminal bronchiolar epithelium constitute a cell type from which alveolar/bronchiolar neoplasms are thought to arise. This cytochrome P450-containing cell type is capable of xenobiotic metabolism, whereas other cell types in the lung have little or no cytochrome P450. 4MI is structurally similar to 2-and 3-methylfuran. Both alkyl furans are metabolized in the Clara cell to reactive species, which may account for their pulmonary toxicity. Oxidative metabolism of heterocycles like 4MI has been reviewed by Dalvie et al. (2002) . They suggested that oxidative metabolism of imidazoles would lead to at least two reactive intermediates, an epoxide and dicarbonyl compound, and pyruvaldehyde. The general scheme can be adapted to 4MI (Fig. 1) (Dalvie et al. 2002) . Whether these intermediates are formed or are responsible for the development of alveolar/bronchiolar neoplasms is not known at this time. It should be pointed out that it is unlikely that an alkylating intermediate is involved in mouse lung carcinogenesis in view of the genetic toxicity-study Wndings that 4MI is not mutagenic in S. typhimurium and does not induce micronuclei in mouse peripheral blood erythrocytes or rat and mouse bone marrow cells. The mechanism of action of 4MI in mouse lung tumorigenesis is not clear.
Under the condition of the present studies 4MI induced alveolar/bronchiolar adenoma and carcinoma in male and female mice. 4MI also induced clonic seizures and mononuclear cell leukemia in female rats, and hepatic histiocytosis, hepatocellular eosinophilic and mixed cell foci in male and female rats. The related compound methimazole was reported to induce toxic changes in the olfactory epithelium of rats and mice (Bergman and Brittebo 1999; Genter et al. 1995; JeVry et al. 2006) . The nasal cavities of mice and rats exposed to 4MI were checked histologically, but no changes were noted. No other treatment-related changes were noted in any of the organs examined.
